In Rosa hybrida L. cv. Ruidriko ' Vivaldi '2, the effect of position on growth and development potentials of axillary buds was investigated by single internode cuttings excised along the floral stem and its bearing shoot. The experiments were carried out in both glasshouses and in a phytotron. The study firstly concerned the development of the primary shoot from the onset of bud growth until anthesis. The primary shoot was then bent horizontally to promote the growth of the two most proximal secondary buds, the collateral buds, already differentiated inside the primary bud. They gave rise to basal shoots. In the basipetal direction, the axillary buds along the floral stem exhibited both an increase in the lag time before bud growth and a decrease in bud growth percentage, demonstrating the existence of a physiological basipetal gradient of inhibition intrinsic to the buds or due to short range correlations. The same basipetal gradient of inhibition was observed along the floral stem and its bearing shoot, demonstrating that the age of the bud was not a major factor in determining the rate of bud growth. After bending the primary shoot, the percentage of collateral bud growth was also affected by the cutting position. The more proximal the cutting, the lower the sprouting ability of collateral buds. The growth potential of these buds appeared to be already determined inside the main bud before cutting excision.
INTRODUCTION
In rose plants, axillary buds constitute the material of propagation, give rise to plant architecture and also generate harvestable flower stems. But, both in the propagation phase and in flower production, different growth and development potentials lead to a large variability between flower stems and between plants of the same clone (Zieslin, Halevy and Biran, 1973 ; Byrne and Doss, 1981 ; DeVries and Dubois, 1992) .
To control this heterogeneity, exogenous factors affecting the sprouting ability of axillary buds and their growth into flower stems have been extensively studied. Propagating methods (Fann and Davies, 1983 ; Marcelis and Leutscher, 1993 ; Agbaria, Heuer and Zieslin, 1995 ; Bredmose and Hansen, 1995 ; Erwin et al., 1997) , pruning and harvesting procedures (Zieslin, 1981 ; Zieslin and Mor, 1981 ; Kool and Van de Pol, 1993 ; Kool, 1996) , exogenously applied growth regulators (Ohkawa, 1984 ; DeVries and Dubois, 1988) and also environmental factors have been investigated : temperature ( Van den Berg, 1987 ; Berninger, 1992 ; Marcelisvan Acker, 1994 a) , cold treatment (Hanan, 1979 ; Schrock and Hanan, 1981 ; Khayat and Zieslin, 1982) , relative humidity (Zieslin and Mor, 1981 ; Darlington, Dixon and * For correspondence. Tsujita, 1992) , light as irradiance level (Carpenter and Anderson, 1972 ; Mor and Halevy, 1984 ; Roberts, Tsujita and Dansereau, 1993 ; Berninger, 1994 ) and light quality (Maas and Bakx, 1995) contribute to bud outgrowth.
However, little is known about endogenous factors regulating axillary bud outgrowth, such as apical dominance (Stafstrom, 1993 ; Cline, 1994) . Although Sorokin and Thimann (1964) reported that a lack of vascular connections at the base of axillary buds of Pisum sati um could significantly affect bud outgrowth, an anatomical study excluded this hypothesis for Rosa . Nevertheless, Zamski, Oshri and Zieslin (1985) observed morphological and anatomical differences in rose buds according to their position, and established a zonation of axillary bud characteristics along a rose stem.
Growth potentials of axillary buds in roses are often attributed to paradormancies which are expressed in three main ways : inhibition of axillary bud growth, inhibition of axillary shoot growth and control of branch angles of axillary shoots (Zieslin, Haaze and Halevy, 1976 ; Zieslin, Spiegelmann and Halevy, 1978 ; Jacobs, Zieslin and Halevy, 1980) . Moreover, growth and development potentials can be affected by bud age (Marcelisvan Acker, 1994 b) , assimilate supply (Marcelis-van Acker, 1994 c) and bud position Bredmose and Hansen, 1996) . However, Bredmose and Hansen (1996) suggested a role for factors intrinsic to 0305-7364\98\020301j09 $25.00\0 bo970558 # 1998 Annals of Botany Company axillary buds in roses as already shown by Halim et al. (1988) for Citrus buds. The present report is a study of growth and development potentials of axillary buds propagated by single internode cuttings excised all along the floral stem. As axillary buds differ both in age and position along the stem, same cutting positions were excised not only from a floral stem but also from its bearing shoot in order to clearly distinguish the influence of each factor. Moreover, in order to ascertain the time at which bud potentials were determined, the behaviour of the two most basal secondary buds, already differentiated inside the axillary bud at the time of excision, was also taken into account.
MATERIALS AND METHODS

Plant material
The experiments were conducted with Rosa hybrida L. cv. ' Ruidriko ' Vivaldi2 (N.I.R.P. International, Cuers, France) because its axillary buds have some difficulties growing after being released from apical dominance. This cultivar also exhibits a marked leaf polymorphism along the stem which suggests dividing the morphological leaf sequence into four successive zones (Fig. 1 ) from the apex downwards : (1) the distal zone with one, three and five-leaflet leaves ; (2) the medial zone with seven-leaflet leaves ; (3) the proximal zone, with elongated internodes, composed of five-, three-and one-leaflet leaves, sometimes aborted i.e. reduced to stipules ; (4) the zone with scales and leaf scars was not taken into account as internodes were not elongated. At the axils of these different types of leaves, axillary buds exhibited the typical morphology described by Marcelis-van Acker (1993) . Transverse sections showed that these axillary buds were composed of a high number of leaf primordia. At the axils of the two outermost scales, well differentiated secondary buds were present : these collateral buds give rise to basal shoots.
Referring to the zonations described, single internode cuttings (including one axillary bud at the axil of one leaf and its subtending internode) were excised at different positions (Fig. 1) .
Experiment 1
In glasshouse conditions, after pruning, 2-year-old rose plants gave rise to floral stems in October 1995. Fig. 1) to determine the influence of bud age.
Cuttings were excised approx. 0n5 cm above and approx. 5 cm below the axillary bud. Basal ends of cuttings were then dipped into a 500 ppm IBA solution for 30 s. To protect cuttings against fungal attack, they were treated with 1 g l − " Benlate-solution (Benomyl 50 %, Du Pont De Nemours, USA). Cuttings were planted in cubes of rockwool saturated with nutrient solution. In the glasshouse experiments, rhizogenesis was completed in a small plastic tunnel with day\night temperatures of 23\18 mC and relative humidity of 88\95 %. After 3 weeks, rooted cuttings were planted in a glasshouse at a low density (5n6 plants m − #), to avoid natural shading between plants. In the phytotron experiment, rhizogenesis was carried out directly inside the phytotron. The plant density was ten plants m − #.
After primary bud outgrowth and its growth into a floral stem, the primary shoot was decapitated and bent horizontally to promote the growth of the two collateral buds.
Glasshouse agroclimatic conditions
Both parent plants and cuttings were cultivated on individual polythene-wrapped rockwool slabs (15i15 i7n5 cm-Isover Cultilene prepared) to avoid trophic interactions between plants. The nutrient solution was defined by Brun and Tramier (1988) with a pH of 5n8 and electroconductivity of 1n6 mS cm − ". The composition of the supplied nutrient solution was (in mmol l − "): NO $ − , 11; NH % + , 2; HPO % # − , 1; K + , 5; Ca# + , 4; Mg# + , 1; SO % # − , 2. Oligoelements were provided by commercial solution at the concentration 0n1 l m − $ (Kanieltra 6 Fe ; Hydro-Azote, Neuilly\Seine, France). The irrigation frequency was scheduled using a commercial computer (Systeem 9 ; Indal) equipped with a solar energy sensor. Irrigation was triggered for each 125-J cm − # increment of external solar energy. The duration was monitored to strictly limit conductivity variations in leachates exceeding 50 %. Heating and ventilation allowed mean day\night temperatures to be maintained close to 20n3\14n6 mC, 17n2\13n0 mC and 23n4\17n5 mC, respectively, in autumn, winter and spring. A high-pressure mist system was used to keep relative humidity above 60 %. The mean photosynthetic photon flux in the glasshouse at canopy level was 14n6, 12n6 and 31n0 mol m − # d − " photosynthetic active radiation, respectively, in autumn, winter and spring.
Phytotron agroclimatic conditions
Cuttings were cultivated in rockwool cubes placed in pots filled with perlite in a phytotron (He! liofroid, Ollioules, France). During the photoperiod (14n5 h), at hourly intervals, 150 ml of nutrient solution were supplied by a peristaltic pump (MV-S\CA 8B, Ismatec sa, Bioblock Scientific, Illkirsch, France) to each plant. The composition of the nutrient solution was the same as for the glasshouse experiments. The phytotron was equipped with high pressure sodium and mercury vapour lamps (Phillips MNF 300\400 and Phillips SON-T400 W). These lamps provided 183 µmol m − # s − " photosynthetic active radiation at the canopy level. Temperature was set at 23p0n5 mC and relative humidity at 70p5%.
Experimental design
Experiments 1, 2 and 3 were randomized block designs with eight, four and seven cutting positions per block, and 48, 22 and 40 blocks, respectively. The experimental unit was one cutting. The experimental design was surrounded by guard-row plants.
Measurements
Bud growth events, floral bud appearances and the length of the primary shoot at visible floral bud were noted on a daily basis. The bud growth events were evaluated at stage 1 according to Berninger (1994) i.e. when bud size reaches 1 cm. The bud growth data were expressed as bud activity i.e. Σ "&! values. Contrary to the mean lag time method, the Σ "&! method, described by Timson (1965) and Barros and Neill (1986) , allowed axillary buds which remained dormant to be taken into account. If a bud grows 1 d after excision then its Σ "&! value is 149, if it grows 2 d after excision its Σ "&! value is 148, if it grows after 150 d then its Σ "&! value is 0. At anthesis, the morphological analysis of the primary shoot comprised the description of its leaf sequence referring to the previously defined zonation (Fig. 1 ) and the recording of its basal diameter, its length including the peduncle and the flower. Then, after bending the primary shoot, the number of days necessary for collateral bud growth was also recorded. The basal shoots were described at anthesis : length, basal diameter, number of leaflet leaves and number of sylleptic shoots were all taken into account.
Statistical analysis
Data were analysed by analysis of variance with StatView2. The significance of differences was determined by Student's t-test (P l 0n05).
RESULTS
Axillary bud growth potential along a floral stem
From bud growth kinetics (Fig. 2) . With regard to the first bud occurrences, this group seemed to be related to the second group, but a very high percentage (35 %) of these buds failed to grow at all. The Σ "&! method (Table 1) clearly transcribed the evolution of axillary bud behaviour along the rose stem with a gradual decrease of bud activity within the first group (the mean lag time increased by approx. 41 d). This was followed by a low, steady bud activity in the second group and then a significant decrease in the third group. Although the amplitude of bud activity along the floral stem in phytotronic conditions (expt 2) was lower than in glasshouse conditions, the response pattern remained similar (Table 1) . Furthermore, the same response pattern was observed along two consecutive axes (expt 3), i.e. for cuttings excised from both a floral stem and its bearing shoot. However, axillary buds originating from the same position on both axes did not exhibit significantly different bud activity (Table 1) . 
Collateral bud growth potential along a floral stem
The levels of collateral bud growth after bending the primary shoot were also significantly affected by cutting position (Fig. 3) and correlated with the three groups defined above. Indeed, the first group exhibited more than 60 % collateral bud growth, the second between 30 and 40 % and the third only approx. 10 %. In addition to the global level of collateral bud growth, plant architecture was also affected by cutting position (Fig. 4) : from distal to proximal cutting positions, the proportion of plants exhibiting growth of two collateral buds decreased from 60 to 2 % and the proportion of plants exhibiting no collateral bud growth increased from 4 to 77 %.
Axillary bud de elopment potential along a rose stem
The cuttings [3d], [5d.I] and [5d.II] gave rise to primary shoots which were significantly different in the number of days from bud growth until visible floral bud and until anthesis, stem length at visible floral bud and at anthesis. The primary shoots of other selected cutting positions revealed relatively steady characteristics except for the two most proximal selected positions which exhibited longer times from bud growth until visible floral bud and anthesis, shorter stems at visible floral bud and at anthesis, and slightly lower basal diameter ( Table 2) .
The number of leaflet leaves of primary shoots was also affected by the cutting position along the mother stem (Table 3) (Table 3 ). The differences in the total number of leaflet leaves came mainly from the number of medial and proximal leaflet leaves (seven-, proximal five-, three-and one-leaflet leaves) whereas the number of distal leaves (distal five-, three-and one-leaflet leaves, approx. eight leaves) was unaffected by the cutting position, except for positions [3d] and [3p] (Fig.  5) .
The response pattern was similar in phytotronic conditions (expt 2) but the amplitude was lower (Table 3) . Furthermore, the same response pattern was observed along two consecutive axes (expt 3), i.e. for cuttings excised from a floral stem and from its bearing shoot (Table 3) (Table 3) .
Collateral bud de elopment potential
The development of collateral buds was studied for the three distal cutting positions ([3d] 6 0 n 0 1 9 n 1 2 6 n 2 3 n 9 5d.I 44n8 8 1 n 6 2 4 n 7 3 3 n 4 4 n 3 5d.II 65n2 9 6 n 3 2 9 n 0 3 9 n 6 4 n 5 7m.I 66n3 9 7 n 3 3 4 n 3 4 6 n 4 4 n 9 7m.II 61n9 9 4 n 2 3 4 n 3 4 7 n 2 5 n 0 5p.I 70n3 9 9 n 9 3 8 n 7 5 0 n 1 5 n 1 5p.II 81n0 109n8 3 7 n 2 4 5 n 4 4 n 5 3p 97n8 126n1 3 9 n 2 4 3 n 8 4 n 7 F PR 0n001 0n001 0n001 0n001 0n001 l.s.d. (P l 0n05) 7n1 6 n 7 2 n 8 4 n 1 0 n 35 T  3. Number of leaflet lea es of primary shoots of cuttings excised at different positions along rose stems for the three expts . , distal stipules, 1-and 3-leaflet leaves ; , distal 5-leaflet leaves ; , median 7-leaflet leaves ; , proximal 5-leaflet leaves ; , proximal 3-and 1-leaflet leaves, stipules.
shoots, but differences were noted according to the time at which collateral bud growth started. On the one hand, for simultaneous collateral bud growth, the total number of leaflet leaves, the length at anthesis, the basal diameter and the number of sylleptic shoots of subsequent basal shoots were not significantly different. On the other hand, when the growth of the two basal shoots was deferred for at least 25 d, i.e. the floral bud of the first basal shoot was already visible when the second one started growing (1st and 2nd generations), significant differences appeared. Indeed, the basal shoots of the second generation exhibited four extra leaflet leaves and their length, basal diameter and number of sylleptic shoots were much higher.
DISCUSSION
On the rose plant, axillary buds exhibit different behaviour according to their position along the stem (Zamski et al., 1985) : in apical positions they start their growth without delay and produce sylleptic shoots synchronous with the apex ; lower buds remain dormant due to apical dominance but their growth can be induced by pruning the plant part above them ; these buds are called proleptic buds.
Basipetal gradient of bud inhibition along the stem
Cutting excision allowed the proleptic buds to be released from long range correlations. On the one hand, the Simultaneous bud growths (α, β) α β α β α β Number of leaflet leaves 20n0p2n0 2 0 n 5 p 1 n 6 2 1 n 5 p 2 n 3 2 1 n 4 p 2 n 3 2 1 n 7 p 3 n 1 2 1 n 7 p 3 n 1 Length (cm) 89n2p10n6 94n8p17n3 101n2p12n8 90n4p20n5 95n8p19n0 95n0p15n3 Basal diameter (mm) 9n0p1n2 9 n 2 p 1 n 6 9 n 8 p 1 n 0 9 n 2 p 1 n 0 8 n 7 p 0 n 8 8 n 8 p 0 n 7 Number of sylleptic shoots 1n3p1n0 1 n 5 p 1 n 9 1 n 7 p 1 n 5 1 n 2 p 1 n 2 2 n 2 p 1 n 0 2 n 0 p 0 n 8 Number of plants 10 18 5 Deferred bud growths (1st, 2nd generation) 1 2 1 2 1 2 Number of leaflet leaves 19n6p1n8 2 3 n 9 p 1 n 0 1 9 n 8 p 1 n 7 2 4 n 2 p 0 n 5 2 0 n 0 2 4 n 0 Length (cm) 95n0p11n5 120n7p8n3 9 5 n 2 p 13n1 119n2p8n5 9 6 n 0 127n0 Basal diameter (mm) 9n5p1n0 1 1 n 3 p 0 n 7 9 n 4 p 1 n 4 1 1 n 5 p 0 n 5 9 n 9 1 0 n 8 Number of sylleptic shoots 1n1p0n6 4 n 4 p 1 n 2 1 n 5 p 0 n 6 5 n 3 p 1 n 0 2 n 0 5 n 0 Number of plants 18 7 1 Meanps.e.
percentage of bud growth within a 150 d culture period (Σ "&! ) gradually decreased to reach very low values at the base of the stem. This absence of bud growth for these basal cuttings strongly contrasted with the growth of the same buds observed on the whole rose plant following a decapitation. In both cases, correlative inhibitions by apical parts of the shoots were suppressed. Such a difference in bud behaviour highlighted that in the whole plant, long range correlations also included stimulative correlations which were lacking in cuttings. In Rosa hybrida, Dieleman et al. (1997) demonstrated the positive role of some cytokinins in axillary bud growth. On the other hand, the sprouting ability of axillary buds propagated by cutting was found to decrease from distal to proximal positions along the stem. Both the decrease in bud growth percentage and the increase in mean lag time before the onset of bud growth demonstrated the existence of a basipetal gradient of inhibition, intrinsic to the buds or due to short range correlations. This gradient is clearly a physiological feature since similar gradients occurred for various environmental conditions. Climatic parameters, such as temperature or radiation level only modified the amplitude of this gradient. The same basipetal gradient of inhibition was observed for buds originating from a floral stem and its bearing shoot. It thus appeared that the age of the buds was not a major factor in determining the rate of bud growth as already shown by Marcelis-van Acker (1994 b) for Rosa hybrida cv. ' Sweet Promise ' or by Halim et al. (1988) for Citrus.
Topophysis and growth potential of axillary and collateral buds
Studying three cultivars of rose, Bredmose and Hansen (1996) demonstrated, by propagating five-leaflet leaf single internode cuttings, that the topophysis mainly affected the onset of axillary bud growth. Our analysis allowed this conclusion to be extended to all the buds located at the axil of a leaflet leaf. Moreover, it emphasized a very large amplitude of response of bud activity which was not previously described by authors propagating five-leaflet leaf cuttings along floral stems of other cultivars (Marcelis-van Acker, 1994 a ; Bredmose and Hansen, 1996) .
In order to determine the stage at which the intrinsic inhibition developed, we studied the behaviour of collateral buds. The growth potential of these collateral buds appeared to be predetermined inside the bud before cutting excision, and was also strongly affected by topophysis : the more basal the cutting, the stronger the bud inhibition. Therefore, the gradient exists at the earliest development stages, when the first secondary buds develop inside the primary bud.
De elopment potential
The differences in the morphogenetic behaviour of buds could not be the result of their differentiation on the mother plant. Indeed, on the rose plant, Zamski et al. (1985) showed that distal proleptic buds did not stop organogenesis although they are subject to apical dominance, whereas proximal axillary buds did stop organogenesis. It could be hypothesized that in cuttings the organogenetic activity resumed during the lag time before bud growth as observed by Marcelis-van Acker (1994 b) . Indeed, the increase in shoot length and number of leaves for buds located in cuttings excised from the apex downwards could be correlated with the increase the lag phase ; the steadiness observed for the most basal buds coincided with similar lag times. Moreover, the same observation could be made by comparing the development of the two collateral buds after identical lag times or a lag time of 25 d more. It should be noted that in this hypothesis, the plastochron was the same (approx. 6 d) for both distal axillary buds and collateral buds. Bredmose and Hansen (1996) also noticed that the plastochron was not influenced by the position of the bud.
From paradormancy to endodormancy
The lack of bud growth on shoots of rose plants is considered to be the result of correlative inhibitions ; every bud which takes an upper position, either naturally after the flower fades or artificially as a result of pruning, will grow after a relatively short period. This behaviour is typical of a paradormancy (Lang, 1987) .
However, cutting excision, by releasing axillary buds from long range correlations (stimulation and inhibition), revealed a gradient of bud inhibition along the stem. The strongest inhibition was observed for buds originating from the most basal positions and led to a very high percentage of buds which failed to grow after 150 d of culture (Σ "&! ). Such behaviour suggested endodormancy. Besides, these buds stopped organogenesis on rose plants (Zamski et al., 1985) and required a chilling treatment for rapid release from inhibition after pruning (Khayat and Zieslin, 1982) . Moreover in Bredmose and Hansen (1996) , the topophysis related response appeared to be determined by factors intrinsic to the bud rather than being controlled by correlative influences at the time of bud development.
The transition, over time, from paradormancy to endodormancy has been observed in different species. For example, in pea (Stafstrom, 1995) , buds from the three most basal nodes were stimulated to develop by decapitating the main shoot in the young seedling but, shortly after, these buds became dormant. According to Champagnat (1983) , endodormancy could be the result of a cascade of paradormancies, the inhibition source being located closer and closer to the bud. One of the roles of the position on the stem was demonstrated by Rohde et al. (1997) by studying Pcdc2a-gus and Pcyc1At-gus expression patterns in poplar buds. On the basis of the expression of the chimeric cell cycle genes, the contribution of endodormancy to the dormant state was shown to increase basipetally. In itro cultures of isolated buds are now in progress in order to determine the intrinsic mechanisms of bud inhibition.
